35 Cl NMR spectra were measured using the highest-temperature solid phase of n-C x H (2x+1) NH 3 Cl and n-C x H (2x+1) ND 3 Cl (x = 5−10). The observed quadrupole coupling constants (e 2 Qqh −1 ) decreased upon heating in this phase, and significant frequency differences of ca. 20 -30 kHz were detected between the -NH 3 and -ND 3 analogs. In the low-temperature range of this phase, the observed e 2 Qqh −1 values for x = 8, 10 were larger than those for x = 5, 7, 9, which is attributable to the even-odd effect. Point-charge calculation was employed to explain this effect, in which the geometrical parameters and electric charge distributions of the cations were estimated using the B3LYP/6-31G * and B3LYP/6-31+G * * method, respectively. The results show that the double-layer width between the Cl − ions at the 2a and 4f sites strongly contributes to the e 2 Qqh −1 value.
Introduction
It is known that n-C x H (2x+1) NH 3 Cl (abbreviated as CxHCl) crystals (x = 3 − 12) can transform into the tetragonal phase with space group P4/nmn (Z = 2) at room temperature [1 -4] . This highesttemperature solid phase (rotator phase) consists of a two-dimensional double-layer of lamella-type structure with the rod-like n-C x H (2x+1) NH 3 + cations rotating about their long axes, and the Cl − ions stacked alternately along the crystallographic c-axis. In lowtemperature phases, on the other hand, cations with ordered orientations are intercalated with each other. The reported lengths on the a-axis in the rotator phase of these salts were comparable, while those on the c-axis increased nonlinearly with the carbon number. However, structural data on the single crystals of these rotator phases, except for C5HCl [3] , are not available.
To the best of our knowledge, the distances of NH-Cl and the positions of the Cl − ions in a unit cell have not been reported. Even-odd effects have been detected in molecular crystals, in which the effect has been especially associated with the melting points of n-alkanes [5, 6] ; however, the even-odd effects for ionic crystals have not been reported.
0932-0784 / 03 / 1100-0623 $ 06.00 c 2003 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com Solid-state 1 H and 2 H NMR studies have revealed the cationic 2-D self-diffusion in the lamella plane and the tumbling of the cationic long axis about the c-axis [7 -14] . The temperature dependent 35 Cl quadrupole coupling constants (e 2 Qqh −1 ) were determined from solid-state NMR spectra of C4HCl [11] ; the 35 Cl NQR frequencies were determined using the 1 H-35 Cl quadrupolar double resonance method for C6HCl [15] , C8HCl [16] , C10HCl [15, 17] , and C10DCl [15] . To gain insight into the NH-Cl − hydrogen bonding and characteristic structures in the rotator phase, together with the isotope effect due to the deuteration of ammonium groups, 35 Cl NMR spectra measurements for CxHCl and CxDCl (x = 5 − 10) were carried out in the rotator phase above room temperatures.
Experimental
CxHCl compounds were prepared by neutralizing liquid n-C x H (2x+1) NH 2 (Wako Pure Chemical Industries, Ltd.) with hydrochloric acid. Crude CxHCl crystals were obtained by adding ether to an aqueous solution, then recrystallizing from a solution of ether-ethanol 1:1. Partially deuterated analogs, n-C x H (2x+1) ND 3 Cl were obtained by repeated crystal- ple temperature was controlled and recorded using a Bruker VT-1000.
Result and Discussion

35 Cl NMR Spectra of CxHCl and CxDCl
The 35 Cl NMR spectra for the central transition in the rotator phase of CxHCl and CxDCl are shown in Figure 1 . The observed peak-widths became narrower with increasing temperature. Since the Cl − ions are located on the C 4 -axis in this phase, the quadrupole coupling constant (e 2 Qqh −1 ) for I = 3/2 was evaluated using the relation [18] 
where eq, eQ, ∆ν (2) , and ν L are the electric field gradient (EFG), the quadrupole moment, the peak-width of the central transition, and the 35 Cl Larmor frequency, respectively. The temperature dependent e 2 Qqh −1 values, estimated using (1), are shown in Fig. 2 , which demonstrates the gradual decrease in the temperature gradients of e 2 Qqh −1 with increasing temperature, and the dependence on the number of carbons. This result implies that the number of carbons determines the amplitude of the cationic thermal motion. The fact that large e 2 Qqh −1 gradients were obtained for CxHCl with long carbon-chains is attributable to the larger vibration amplitude, resulting in higher averaged EFG at a 
, where e 2 Qqh −1 of n-C 4 H 9 NH 3 Cl and n-C 6 H 13 NH 3 Cl are reported values [11, 15] .
For the deuterated analogs, the e 2 Qqh −1 values shifted to slightly lower frequencies in the lowtemperature range of the rotator phase, as shown on Table 1. These 17 -26 kHz shifts, which are significantly greater than that of the experimental error of 1 kHz, are attributable to the isotope effect for the NH 3 -Cl hydrogen bonds. This low-frequency shift can be explained as weaker hydrogen bonding as a result of the deuteration, since the vibration energies of D atoms forming H-bonds are lower than those of H atoms. 35 Cl e 2 Qqh
Even-Odd Effect of
−1
As shown in Fig. 2 , the e 2 Qqh −1 -values for C8HCl and C10HCl were roughly comparable over the entire temperature range studied. In contrast, e 2 Qqh −1 values for C5HCl, C7HCl, and C9HCl were clearly smaller than those of the above salts in the low-temperature range of this phase. An even-odd effect was observed for the e 2 Qqh −1 values; for C6HCl at 300K, e 2 Qqh −1 was 1.45 MHz [15] , whereas lower values were obtained for C5HCl (1.40 MHz) and C7HCl (1.14 MHz). This even-odd effect was also found along the c-axis (Fig. 3) ; as the carbon number increased and alternated between even and odd, the increments in the c-length were smaller than the length of the CH 2 group. The packings of CxHCl with odd values of x were tighter than those with even values of x. Since it has been reported for n-alkanes [5, 6] that the packing energy of molecules with even number of carbons is lower than that with odd numbers, the even-odd effect obtained along the c-length was expected to be related with the difference in the packing energy caused by the cationic shape. The apparent even-odd effect of e 2 Qqh −1 values can, therefore, be attributed to the relative packing of the cations and anions along the c-axis. Detailed discussions are presented in the subsequent section.
Point-Charge Calculation
Before considering the even-odd effect in EFG, the geometrical arrangements in the crystals will be discussed. Since two cations are contained in a unit cell of the rotator phase (space group: P4/nmn, Z = 2), as shown in Fig. 4(a) , and since each cation rotates about its long axis along the C 4 -axis, we define cation1 and cation2 as located along the C 4 -axes and passing through (0,0,0) and (a 0 /2, a 0 /2, 0), respectively. The coordinates of C, H, and N atoms are expressed as (x 1 , y 1 , z 1 ) for cation1 and (x 2 , y 2 , z 2 ) for cation2. Since the cations rotate about their long axes, and the averaged structure adopts a rod-like shape as displayed in Fig. 4(b) , the averaged positions of C, H, and N atoms in cation1 and 2 located on the C 4 -axis are given by (0, 0, z 1 ) and (a 0 /2, a 0 /2, z 2 ), respectively. The Cl − 1 and Cl − 2 ions are placed at the 2a and 4f sites in a unit cell, respectively, i.e., (0, 0, 0) and (a 0 /2, a 0 /2, z'), where z' is a general position. The anions are expected to form hydrogen bonds with both cation1 and 2, where the respective distances are represented by d 11 and d 12 . Using these parameters (Fig. 5) , the position of N1 is expressed as (0, 0, d 11 ) .
For the quantitative estimation of the Cl EFG values, point-charge model calculations were carried out. Since the reported N-Cl − distance of 327 pm in C5HCl [3] indicates that the hydrogen bonding in CxHCl is relatively weak, and since the observed e 2 Qqh −1 values are smaller than those of other compounds with short NH-Cl − separations [19 -30] , the point-charge model can be accepted as a suitable approximation [31, 32] . Each component of the EFG for (2) where ξ is , δ i j , r s , and c s are, respectively, the coordinates of the sth atom, Kronecker's δ , the distance between the Cl − ion and the sth atom, and the charge of the sth atom. The principal value of the EFG can be obtained by diagonalizing the quadrupole tensor given in (2) . To calculate the coordinates and charges of the H, C, and N atoms in a rigid cation, the density function theory (DFT) in the Gaussian 98w program package [33] was employed. The B3LYP function with the 6-31G * basis set was used for the geometry optimization, and the same function with the 6-31+G * * set was used to estimate the atomic charges. Calculated values of the charges are listed in Table 2 . The use of a straight cation model indicated that the charges on the C, H, N atoms are concentrated on the C 4 -axis.
In order to realize (2) for the crystal containing straight cations, two variables had to be introduced: d 11 , which is the N1-Cl − 1 distance, and z', which is the z-coordinate of Cl − 2 forming a double-layer with Cl − 1 in the rotator phase. The coordinates of N1, Cl − 1, and Cl − 2 are expressed as (0, 0, d 11 ), (0, 0, 0), and (a 0 /2, a 0 /2, z'), respectively, as described above. In this system, two types of hydrogen bonds, N1-Cl − 1 and N1-Cl − 2, were formed, in which the latter distance, d 12 , can be evaluated using d 11 Fig. 6 (a) and 6(b), respectively) were comparable to those for other salts, the EFG seems to be dependent on the chain length. The surfaces in Fig. 6 was obtained at z = 0. Using (2) and the reported values (d 11 = 327 pm and z = 318 pm [3] ) together with the estimated parameters (Table 2) , the value for e 2 Qqh −1 was calculated as 0.102 MHz. However, the relatively small value as compared to the observed value of 1.143 MHz necessitated the consideration of the Sternheimer antishield factor (γ), which, in Cl, can adopt a wide range of values depending on the electronic structure around the nucleus [34] . The following equation for R x5 was therefore introduced for obtaining e 2 Qqh −1 values without using γ for CxHCl(x = 6 − 10): A similar trend was observed for the X-ray studies of the iodide salts, CxHI(n-C x H (2x+1) NH 3 I), where the z' values were estimated from the reported data of I − 1-I − 2 distances and the a 0 -lengths of 341 (x = 5), 332 (x = 6), and 347 pm (x = 7) [3] . The results implied that the observed even-odd effects of e 2 Qqh −1 correspond to the carbon number dependency of the doublelayer width (z') in CxHCl crystals. As shown in Fig. 7 , the cationic reorientation about the principal axis of its moment of inertia can be proposed as a model that satisfies both the carbon number dependences of the double-layer width and the c-axis length. In this model, the two H atoms of -NH + 3 1 can form hydrogen bonds with Cl − 2 by the reorientation of -NH + 3 about the rotational axis, as displayed in Fig. 7 . Since the rotational axis that is apart from the N atom in the even carbon cations can result in a slightly larger arc that is defined by -NH + 3 , and in shorter -NH + 3 (1)-Cl − 2 distances, the -NH + 3 1 group in even carbon chains can be expected to form stronger hydrogen bonds than those in odd carbon chains. It can be suggested that these strong hydrogen bonds can partially neutralize the negative charge on Cl − 2, and thus decrease the electrostatic repulsion between Cl − 1 and Cl − 2, giving shorter z' for the even carbon chains.
Conclusion
35 Cl NMR spectrum measurements of CxHCl and CxDCl showed the H/D isotope effect and the evenodd effect of e 2 Qqh −1 . To gain insight into the latter result, EFG calculations based on the point-charge model were carried out, in which the geometry and charges of the cation were estimated using B3LYP/6-31G * and B3LYP/6-31+G * * methods, respectively. The results of these calculation indicated that the even-odd effects of e 2 Qqh −1 correspond to the double layer width depending on the carbon number. Larger widths of the odd number chains than those of the even one are explained as the expected differences in the reorientation models of the cations.
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